Tissues that undergo self-renewal such as the skin, the haematopoeitic system and the intestine are all maintained and renewed by a small group of multipotent stem cells. The stem cells of the intestinal epithelium are located in the crypts and give rise to its four main lineages located mainly in the ®nger like projections-the villi. An increasing number of genes are now being identi®ed as either being necessary for or involved in the maintenance of intestinal stem cells and regulating differentiation along the crypt-villus axis. These developmental regulatory genes include among others, Tcf-4, Cdx-1 Fkh6, HFH11 and Nkx2-3. Other genes such as the integrins, and Indian hedgehog (Ihh) also affect function of the progenitor cells of the intestinal epithelium. This mini-review will focus on the more recent data on expression patterns of genes in the intestinal epithelium and the direct or indirect effects of their ablation on proliferation and differentiation. q
Introduction
Self-renewing tissues such as the haematopoietic system, the intestine and the skin are able to sustain themselves because they contain a small population of progenitor cells ± the stem cells. The classical de®nition of a stem cell as put forward by Lajtha (1979) is that`it should be capable of extensive self-maintenance', i.e. with unaltered proliferative self-renewal capacity extending to at least one natural life span of the organism. Stem cells generally comprise a small sub-population of cells of the organ system and are multipotent.
Stem cells of the haematopoietic system and the epidermis (Berardi et al., 1995; Jones et al., 1995) have been well studied at the molecular level. However, we know little about the molecular markers characterising the stem and transit amplifying populations of the intestinal epithelium. This has meant that progress in the isolation and culture of stem cells of the intestinal epithelium has been relatively slower when compared to other systems. The studies of Cheng and LeBlond (1974a,b,c) and the experimental evidence from clonal regeneration studies (Withers and Elkind, 1970; Potten and Hendry, 1983) argues for the existence of multipotent progenitor cells in the gut epithelium. A wealth of information is also available on the kinetics of proliferation in this tissue from the classic studies of Potten et al. (reviewed in Potten and Loef¯er, 1990) . This mini-review will focus on the more recent data on expression patterns of genes and the direct or indirect effects of their ablation on the proliferating compartment and on differentiation and patterning along the crypt villus axis. By way of introduction to the tissue and to place the molecular data in context, we will ®rst present a brief overview of some salient features of the intestinal epithelium using a few key references dealing with these aspects.
The architecture of the murine small intestinal epithelium and its patterning during development
The functional epithelium of the adult murine small intestine is organised into (a) the ®nger-like villi which project into the gut lumen and (b) the¯ask-like crypts (in which the proliferating cells are located) which are embedded in the mesenchyme (Fig. 1) . The progenitor proliferating cells in the crypt (reviewed in Potten and Loef¯er, 1990) give rise to the four main differentiated cell types in the mature small intestinal epithelium: the enterocytes, the goblet cells, the (Cheng and LeBlond, 1974a,b,c) .
The processes of differentiation and proliferation are coordinately regulated in the intestinal epithelium, and tissue interactions necessary to set up the normal pathways of differentiation occur via the extracellular matrix (reviewed in Simon-Assman et al., 1995) . Gordon and co workers, using the Fabpi and Fabpl transgenics, have provided insights regarding the subtle aspects of the differentiation programme in this epithelium (reviewed in Hermiston and Gordon, 1993) .
In the developing rodent intestine, the process of cytodifferentiation commences around day 14 of gestation and is completed 20 days after weaning. The differentiation along the crypt-villus axis is ®rst evident between day 17 and 18 of gestation, when the endoderm is converted from a strati®ed epithelium to an epithelial monolayer overlying nascent villi (Mathan et al., 1976) . Dividing cells then segregate to the intervillus region. Crypts develop during the early postnatal period (days 1±5) from the¯at inter-villus epithelium and the mitotic cells segregate in these structures. As crypts elongate they also replicate by a process of bifurcation starting from the base (Potten and Hendry, 1983) . Differentiation of the epithelium also occurs along the horizontal or cephalo-caudal axis, from the duodenum (small intestine) to the colon (large intestine) resulting in morphological and biochemical differences (Sweetser et al., 1988) .
Evidence for stem cells and kinetics of proliferation in the small intestinal epithelium
The classic work of Cheng and LeBlond (1974a,b,c) and regeneration studies of Potten et al. (reviewed in Potten and Loef¯er, 1990) provide evidence that a small population of stem cells situated towards the base of the crypt, are suf®-cient to generate the four major differentiated cell types of the small intestinal epithelium. Asymmetric division of the stem cells leads to the generation of daughter cells consisting of two sub-populations, (a) immediate stem daughter cells referred to as the Transit Amplifying or TA population, which expand by rapid proliferation and differentiate into the various lineages. Differentiation into any one of the three main lineages occurs as they migrate to the top of the villi or to Paneth cells (the fourth main lineage) as they migrate to the crypt base and (b) cells which replenish the stem cell compartment.
It is still not clear as to how the differentiated lineages arise and whether the TA cells become progressively restricted in their fate. In a recent study by clonal analysis of genetically marked intestinal epithelial cells, Bjerknes and Cheng (1999) have shown that intermediate progenitors are of two types (a) short lived ± that give rise to one or two cell types and (b) long lived ± that give rise to all epithelial cell types. However, the nature of the signals regulating lineage commitment is as yet unknown.
Culture and evaluation of intestinal epithelial stem cells
Efforts to analyse stem cells have concentrated on the isolation of crypts, followed by culture or grafting into immuno-compromised animals (Evans et al., 1992; Booth et al., 1999; Slorach et al., 1999) . In vitro culture of crypts has not as yet yielded established stem cell lines suggesting the importance and relevance of the microenvironment and growth factors in their maintenance. However, crypt organoids transplanted into immuno-compromised mice form cysts lined with epithelial cells of the different lineages, such as goblet cells (Evans et al., 1992; Slorach et al., 1999) . This suggests that the stem cells in organoid isolates retain their pluripotency and respond to signals, which will induce them to differentiate into the various lineages. The transplantation approach provides a means of assaying for functional stem cells.
Other tissue culture models (although not perfect) for the study of intestinal stem cell differentiation have involved derivation of conditionally immortalised cell lines from crypt cells of transgenic animals (Whitehead et al., 1993; Paul et al., 1993) or conditionally immortalised cells from human crypts (Quaroni and Beaulieu, 1997) .
Molecular basis of the identity and maintenance of intestinal stem cells and the and regulation of proliferation and differentiation
The`molecular identity' of the stem cell can be de®ned as the repertoire of molecules uniquely expressed by these cells. The question arises as to whether some of these may be similar to those expressed by the TA cells. The molecular identity will be in¯uenced by the`molecular address'. In the case of the intestinal epithelium these comprise molecular signals from the mesenchyme. In de®ning and characterising intestinal epithelial stem cells, the following aspects also need to be considered: (a) Are stem cells from the different regions of the intestine different in terms of their molecular identity and address? (b) What are the factors that lead to the segregation of the stem cells to the crypts during normal development and how is the crypt architecture determined and maintained? (c) What is the nature of the molecular signals that allow for the co-ordinated regulation of differentiation, proliferation and apoptosis? (d) Is there a cell intrinsic timer involved in the arrest of cell division and the transition of the TA cells to the differentiated state? (e) Are there different subpopulations of progenitor cells? (e) How do the mesenchyme and the extracellular matrix in¯uence the maintenance of the stem cells and regulate differentiation?
We are now beginning to have answers to a few of the above questions. Based on expression patterns and phenotypic consequences of gene ablation, an increasing number of genes are now being identi®ed that may be candidates in conferring a molecular identity and address to intestinal stem cells, sustaining them and regulating their function. These developmental regulatory genes include among others, Tcf-4 (Korinek et al., 1998; Lee et al., 1999) , Cdx-1 (Duprey et al., 1988; Subramanian et al., 1995 Subramanian et al., , 1998 , Fkh6 (Kaestner et al., 1997) , HFH11 (Ye et al., 1997) and Nkx2±3 (Pabst et al., 1999) . Other genes such as the integrins, (reviewed in Simon-Assman et al., 1995; Murgia et al., 1998) and Indian hedgehog (Ihh) (RamalhoSantos et al., 2000) also affect the progenitor cells of the intestinal epithelium.
Tcf-4, the product of the Tcf7l2 gene (Korinek et al., 1998; Lee et al., 1999) , a member of the TCF/LEF family of transcription factors, is expressed in the developing and adult intestinal epithelium (Fig. 2) . Mice homozygous for a targeted deletion of Tcf-4 die soon after birth (Korinek et al., 1998) . The mutants do not have any gross anatomical defects but the organization of the intestinal epithelium is affected. Mutant mice have fewer villi in the small intestine with a decreased number of epithelial cells in the intervillus regions from which the crypts develop post-natally (Korinek et al., 1998) . There is an absence of Ki-67 staining (Schluter et al., 1993) and BrdU incorporation in the intervillus region, demonstrating a lack of proliferating cells. Cells of the enteroendocrine lineage are missing and Korinek et al., suggest that this is possibly`due to a lack of mature stem cells from which the entero-endocrine lineage is derived'.
It is worth bearing in mind that the depletion of the stem cell compartment should affect all cell lineages and this would imply that in the Tcf-4 knockout mice only a subset of progenitor cells are affected by the lack of this gene. Tcf-4 has been shown to be a downstream effector of Wingless/ Wnt signalling (Cavallo et al., 1997) . Thus, it is likely that this pathway is important in regulating stem cell sustenance in the intestinal epithelium. The adenomatous polyposis coli (APC) gene by interactions with the members of the Wnt signalling pathway also in¯uences proliferation of the intestinal mucosa (Morin et al., 1997; Korinek et al., 1998) .
The murine homeobox gene Cdx1 gene, a homologue of the Drosophila caudal, is expressed in the intestinal epithelium during embryonic development (Duprey et al., 1988; Subramanian et al., 1998) and in adult mice (Subramanian et al., 1998) . During embryogenesis the Cdx1 gene product localises to the proliferating epithelium and as the proliferating cells segregate to the inter-villus folds, the expression becomes restricted to these regions. Eventually in the adult epithelium, Cdx1 is restricted to the crypts (Subramanian et al., 1998) . (Fig. 2) where the Paneth cells are negative. However Silberg et al. (2000) report low level expression in the Paneth cells besides the strong expression seen in the proliferating cells. The major expression domain of Cdx-1 in the intestine of adult mice appears to coincide with the zone of proliferating cells, i.e. expression is restricted to the proliferating cells of the intestinal crypts and is lost as cells undergo differentiation and exit the cell cycle (Subramanian et al., 1998) .
Over expression of Cdx1 in an established intestinal epithelial cell line, the IEC-6 cells (Soubeyran et al., 1999 ) is reported to increase proliferation, eventually leading to differentiation. Soubeyran et al. (1999) suggest that Cdx1 is a mediator of the transition from the stem cells to the TA population. However, Lynch et al. (2000) also using the IEC-6 cell line have reported that over expression of Cdx1 leads to inhibition of proliferation.
Another member of the Cdx family, Cdx2 is also expressed in the intestinal epithelium but mainly in the villus (James and Kazenwadel, 1991) . Mice with a targeted mutation in the Cdx2 gene were initially reported to develop adenomas in the colon (Chawengsaksophak et al., 1997), but these have now been con®rmed to be hamartomas (Tamai et al., 1999) . Beck et al. (1999) have shown that the polyps in the colon of these mice are composed of heterotypic stomach and small intestinal tissue re¯ecting an anterior homeotic shift. The Cdx2 knockout mice provide a useful model to analyse the role of this gene in the generation of these developmental tumours and perhaps shed light on aspects of stem cell function.
A recent report by Lickert et al. (2000) provides evidence that Wnt/b catenin pathway regulates the expression of Cdx1 in the proliferative epithelium. The Tcf-4 knockout mice have a depleted stem cell compartment with a concomitant loss of Cdx1 expression in the small intestinal epithelium. The promoter of Cdx1 possesses Tcf binding motifs and is regulated by Tcf/b-catenin complexes. It appears that at least one aspect of control of proliferation and stem cell function links the Wnt/b-catenin and Tcf-4 to the regulation of Cdx1.
Both Tcf4 and Cdx1 can be considered as candidate molecules, which may provide a molecular identity to the proliferating cells. Whether they can be regarded as the markers unique to stem cells is still an open question.
The forkhead family of transcription factors characterised by a winged helix domain (Kaestner et al., 1997) are expressed in the developing and adult intestine either in the epithelium alone or in both epithelium and mesenchyme. Fkh6 is expressed in the mesenchyme adjacent to the epithelium.
Mice lacking Fkh6 exhibit alterations in the gastric and intestinal epithelia (Kaestner et al., 1997) . Crypts are evident by postnatal day 12 in the Fkh6 2/2 mouse and appear to be expanded. Fifty days after birth, the crypt compartment is expanded considerably and is disorganised with branched crypts and cell-lined cystic structures. The deletion of this gene affects the proximal intestine more severely. Although cells of all four epithelial lineages are present in the mutant intestine there is an increase in goblet cells in the duodenum and jejunum suggesting an effect on this cell lineage. Fkh6 appears to be a negative regulator of crypt cell proliferation. Kaestner et al. (1997) suggest that this is possibly through an effect on signalling molecules expressed in the mesenchyme such as the BMPs.
HFH11 and HNF3b are other members of the forkhead family, which are also expressed in the developing and adult intestine. During intestinal development HFH11 (Ye et al., 1997) is seen both in the epithelium and mesenchyme but in the adult intestinal epithelium becomes restricted to the proliferating cells in the crypts (Fig. 2) and is absent in the Paneth cells.
HNF3b also follows a pattern of expression similar to HFH11 in the adult intestinal crypts (Ye et al., 1997) . At the present time data are not available for the intestinal phenotype of HNF3b knockout mice since they are early embryonic lethal. A conditional knockout for HNF3b in the intestine is likely to provide clues as to its function in this tissue. It is likely that HNF3b and HFH11may play an important role in regulating stem cell identity/function in the intestinal epithelium.
Another gene affecting the proliferative compartment of the intestinal epithelium is Nkx2±3. This gene is expressed in the mesenchyme but its targeted deletion leads to hyperproliferation of the crypts but with no effect on lineage allocation. The increased proliferation is associated with a decrease in the levels of expression of BMP2 and BMP4 (Pabst et al., 1999) . This phenotype resembles the Fkh6 knockout but there is no increase in the number of goblet cells in the Nkx2±3 2/2 mice. The intestinal epithelium is separated from the mesenchymal layers by the basement membrane. As well as playing a role in cell adhesion and cytoskeletal organisation, the basement membrane can in¯uence proliferation and differentiation of cells. The effects of the basement membrane on cellular behaviour, has been in part attributed to the integrins.
The integrins affect cell proliferation by signalling events mediated through their cytoplasmic domains by associating with the hemidesmosomal cytoskeleton, and recruitment of the cell cycle adaptor protein Shc (Maniero et al., 1997) . The extracellular domain is involved in adhesion to the matrix through interactions with members of the laminin family (reviewed in Simon-Assman et al., 1995) .
Mice with a targeted deletion of the cytoplasmic domain of integrin b4 exhibit a reduction in proliferation in the crypts as evidenced by reduced Ki-67 staining (Murgia et al., 1998) . Cultured cells such as NIH3T3 when prevented from adhering to the extracellular matrix arrest in the G1 phase of the cell cycle and express higher levels of cyclindependent kinase inhibitors such as p27
Kip1 (Fang et al., 1996; Zhu et al., 1996) .
In the integrin b4 mutant mice the domain of p27
Kip1 expression in the intestinal epithelium was found to extend further into the crypt when compared to wild-type mice. It appears that the lack of the cytoplasmic domain of integrin b4, leads to an increase in the level of p27 Kip1 in the progenitor cells, thereby causing premature withdrawal from the cell cycle. The intestinal epithelium in the integrin b4 knockout mice is otherwise normal with no apparent changes in the proportion of differentiated cell types when compared with wild type mice. This suggests that integrins are involved in the control of crypt cell proliferation rather than in the regulation of differentiation into the various lineages.
One important ®nding concerning the molecules that link proliferation to differentiation comes from the work of Tian and Quaroni (1999) . Using a conditionally immortalised human intestinal epithelial cell line, Tian and Quaroni (1999) show that p21 WAF1/Cip1 (Harper et al., 1993) is the main CKI that is responsible for the inhibition of proliferation during differentiation. Repression of p21 CIP1 has recently been shown to affect c-myc dependent cell cycle progression (Claassen and Hann, 2000) . p27
Kip1 (Fang et al., 1996; Zhu et al., 1996) on the other hand is likely to be involved in the induction or stabilization of differentiated traits acting independently of cyclin-Cdk function (Tian and Quaroni, 1999) . It might also be worth considering whether accumulation of p27
Kip1 could be part of a cell intrinsic timer involved in cell cycle arrest of the TA cells eventually leading to the differentiated state as has been postulated in the case of oligodendrocyte differentiation (Durand et al., 1998) .
The role of signalling molecules in regulating proliferation and/or differentiation in the intestinal epithelium is only recently being investigated. Mice which lack the Indian hedgehog (Ihh) gene show a reduction in proliferating cells in the small intestinal epithelium and CCK producing enteroendocrine cells in the duodenum. There is a concomitant loss of Pdx1 expression in the duodenum. The expression of the Tcf4 protein in the crypts was not altered in these mice, suggesting that the proliferation defect is unlikely to be mediated by Tcf-4 (Ramalho-Santos et al., 2000) .
The Rho GTPase family of signal transducers are key members of signalling pathways and mediate effects on proliferation, differentiation and cellular migration. Rac1 is a member of this family. Chimeric mice with forced expression of either constitutively active Rac1 or a dominant negative Rac1 exhibit an effect on cell differentiation but not proliferation in the intestinal epithelium (Stappenbeck and Gordon, 2000) . Based on this study Stappenbach and Gordon conclude that differentiation of the epithelium is regulated by cell-autonomous mechanisms.
Conclusions and future directions
From expression patterns and gene ablation studies, it is quite clear that the proliferating compartment of the intestinal epithelium and its differentiation and patterning is characterised and affected by the expression of a number of genes. It is increasingly becoming obvious that in de®ning stem cell address and identity at a molecular level, we should consider the ability or inability of these cells to express different classes of molecules as well as their relative levels of expression. The properties of the stem cell are also likely to be in¯uenced by their physical position in the context of the three dimensional structure of the crypt. Thus, cell-cell and cell matrix interactions become important, as does the microenvironment in determining and maintaining stem cell populations.
As discussed earlier, the proliferation of the intestinal epithelium is affected in both the Tcf-4 and integrin b4 knockout mice. However, in the integrin b4 mice, enteroendocrine lineages are not affected unlike in the Tcf-4 knockout mice. This suggests that different genetic pathways may be involved in the regulation of speci®c aspects of progenitor cell maintenance/function/identity. The Wnt/-b catenin/ Tcf pathway appears to be involved in the maintenance of a subset of progenitor cells. Tcf-4 has also been shown to transcriptionally activate the Cdx1 gene and in the intestinal epithelium one of the downstream effector genes for this pathway is likely to be Cdx1. The Cdx2 promoter has been reported to contain putative forkhead binding sites and HNF3a, HNF3b, HFH11a and HFH11b all form speci®c DNA protein complexes with the Cdx2 binding motif (Ye et al., 1997) . It remains to be seen whether one or some members of the forkhead family and Cdx1 and/or Cdx2 form part of a pathway responsible for stem cell identity/ function/sustenance.
The integrin signalling pathway is also involved in regulating proliferation and how this links into the other pathways regulating this process remains to be investigated. Other players in the control of proliferation are the Nkx2± 3 and Fkh6 genes, both of which appear to act via effects on the BMPs and may be considered as contributing to the molecular address for the stem cells. It will not be surprising if we ®nd that there is cross talk between these different pathways.
The cell fate decisions made by the progenitor cells are likely to be controlled by the Notch pathway. Notch is expressed in the mouse intestine (Delamo et al., 1992) and the phenotype of a conditional ablation of the Notch gene in the intestine will provide answers as to the role of Notch in intestinal epithelial cell differentiation.
In the future, the analysis of promoters of the genes maintaining or conferring stem cell speci®c properties is likely to lead to the identi®cation of regulatory elements of these genes which may be speci®c for all or a subset of progenitor cells in the crypts. Combining these with novel reporters such as the green¯ourescent protein (GFP) (Ikawa et al., 1995) and the generation of transgenic mice using these promoter reporters could provide a means of identifying and isolating these cells.
The identi®cation and culture of gut stem cells would allow their in vitro manipulation, provide an insight into the function and distinctive features of these stem cells and also allow the study of gene expression patterns during lineage commitment. It also remains to be seen if the stem cells of the intestinal epithelium, like the neural stem cells (Bjornson et al., 1999) , are capable of giving rise to differentiated cell lineages in heterologous tissue.
